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Phenotype of Mice and Macrophages Deficient
in Both Phagocyte Oxidase
and Inducible Nitric Oxide Synthase
in CGD are limited in variety (Mouy et al., 1989) and
monocytes from CGD patients kill some intracellular
pathogens (reviewed in Nathan, 1983). Mouse knock-
outs of either gp91phox (Pollock et al., 1995) or gp47phox
(Jackson et al., 1995) recapitulate the CGD phenotype.
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antimicrobial mechanisms must exist other than produc-
tion of ROI or RNI. Susceptibility to L. monocytogenes
in vivo despite a normal capacity of macrophages toSummary
produce ROI and RNI in vitro was observed in mice
deficient in IL-6 (Kopf et al., 1994), NF-IL6 (Tanaka etThe two genetically established antimicrobial mecha-
al., 1995), ICSBP (Fehr et al., 1997), IRF-2 (Fehr et al.,nisms of macrophages are production of reactive oxy-
1997), RelB (Weih et al., 1997), and IFNg receptor (Huanggen intermediates by phagocyte oxidase (phox) and
et al., 1993; Dai et al., 1997; Fehr et al., 1997). However,reactive nitrogen intermediates by inducible nitric ox-
disruption of these genes is expected to have pleiotropicide synthase (NOS2). Mice doubly deficient in both en-
effects. Only two of these studies demonstrated a mac-zymes (gp91phox2/2/NOS22/2) formed massive abscesses
rophage bactericidal defect (Tanaka et al., 1995; Fehrcontaining commensal organisms, mostly enteric bac-
et al., 1997), and in those, macrophage production ofteria, even when reared under specific pathogen-free
ROI and RNI was not tested with the infection itself asconditions with antibiotics. Neither parental strain
the stimulus for macrophage activation and the infectingshowed such infections. Thus, phox and NOS2 appear
organism as the trigger for the respiratory burst. Thus, itto compensate for each other's deficiency in providing
remains a major question in the study of innate immunityresistance to indigenous bacteria, and no other path-
whether primary macrophages have recourse to a mech-way does so fully. Macrophages from gp91phox2/2/
anism for killing bacteria other than production of ROINOS22/2mice could not kill virulent Listeria. Their kill-
and RNI.ing of S. typhimurium, E. coli, and attenuated Listeria
To answer this question, we generated mice doublywas markedly diminished but demonstrable, estab-
deficient in gp91phox and NOS2. Their phenotype waslishing the existence of a mechanism of macrophage
distinct from that of either parent or any mouse reported.antibacterial activity independent of phox and NOS2.
Their marked susceptibility to spontaneous internal in-
fections arising from indigenous flora was especially sur-
Introduction prising in view of the antibacterial mechanisms consid-
ered paramount in the control of commensal organisms,
Two antimicrobial mechanisms of tissue macrophages such as antibody, complement, and the antibacterial
are production of reactive oxygen intermediates (ROI) proteins of neutrophils. Nonetheless, their macrophages
by the phagocyte oxidase (phox) and reactive nitrogen permitted the formal demonstration that a phox- and
intermediates (RNI) by inducible nitric oxide synthase NOS2-independent antibacterial mechanism exists.
(iNOS; NOS2). Although many other mechanisms have
been postulated, none has been both specifically identi-
Resultsfied and genetically confirmed (Shiloh and Nathan,
1999).
Generation of Gp91phox2/2/NOS22/2 MiceThe importance of phox is underscored by chronic
Gp91phox2/2/NOS22/2 mice revealed only mutant allelesgranulomatous disease (CGD), a genetic deficiency of
of NOS2 (Figure 1A) and gp91phox (Figure 1B). Activatedphox components marked by recurrent infections. How-
macrophages from wild-type and gp91phox2/2 mice pro-ever, the pathogens responsible for recurrent infections
duced large amounts of RNI, while those from NOS22/2
and gp91phox2/2/NOS22/2 mice did not (Figure 1C). Acti-6 To whom correspondence should be addressed (e-mail: cnathan@
vated macrophages from wild-type and NOS22/2 micemail.med.cornell.edu).
produced large amounts of H2O2, while gp91phox2/2 and7 Present address: Laboratory of Immunology, Howard Hughes Med-
ical Institute, Rockefeller University, New York, New York 10021. gp91phox2/2/NOS22/2 macrophages did not (Figure 1D). The
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Figure 1. Generation of Gp91phox2/2/NOS22/2
Double Knockout Mice
PCR genotyping of (A) NOS2 and (B) gp91phox
alleles. Expected amplificands for wild-type
C57BL/6 3 129Sv and knockout alleles are
413 and 268 bp for NOS2 and 240 and 195 bp
for gp91phox. (C) Thioglycollate broth-elicited
peritoneal macrophages were exposed for 24
hr to media alone, LPS, rMuIFNg, or both LPS
and rMuIFNg and nitrite accumulation deter-
mined by the Griess assay. Values are means
for triplicates 6 SEM. (D) H2O2 release from
periodate-elicited peritoneal macrophages ex-
posed for 24 hr to medium alone or rMuIFNg
and then triggered with phorbol myristate ac-
etate for 2 hr. Values are means for trip-
licates 6 SEM.
activation pathway was intact in gp91phox2/2/NOS22/2 mac- ranging from 14.9% (24/161 animals randomly culled for
necropsy over the course of a year) to 24.6% (20/81rophages, because IFNg triggered the appearance in
their nuclei of proteins that bound to an IFNg response mice randomly culled for necropsy on 1 day). Prevalence
of infections appeared to increase with age. Mice bear-region (GRR) oligonucleotide (data not shown).
ing huge abscesses showed no outward signs of clinical
illness. When antibiotics were withdrawn, the colonySusceptibility of Gp91phox2/2/NOS22/2 Mice
to Spontaneous Infections was nearly lost to spontaneous infection. Prophylaxis
was resumed with chloramphenicol, amoxicillin, and/orGp91phox2/2/NOS22/2 mice were housed in autoclaved
microisolator cages with filtered air under positive pres- gentamicin depending on the results of cultures. From
lung and liver abscesses, we isolated E. coli (15/20sure and given sterile bedding, food, and water by work-
ers in sterile garb. They survived weaning at Mendelian mice), non-hemolytic streptococcus (3/20), Candida
guillermondii (3/20), Pseudomonas species (1/20), andratios and generated litters of normal size. However,
early in the course of the colony, mice were found to Enterococcus faecalis (1/20). Anaerobic organisms were
not found. Histology revealed severe pyogranulomatousharbor large intra-abdominal and/or intra-thoracic ab-
scesses or were lost to pulmonary aspergillosis. We inflammation with encapsulated abscesses (Figure 2B)
massively infiltrated (Figure 2C) by polymorphonuclearinstituted prophylaxis with trimethoprim-sulfamethoxa-
zole and itraconazole. Necropsies continued to reveal and some mononuclear leukocytes (Figure 2D). When
we generated gp91phox2/2/NOS22/2 mice on a homoge-large abscesses involving the liver, spleen, intestine,
diaphragm, and/or lungs (Figure 2A), with a prevalence neous C57BL/6 background, all progeny succumbed
to spontaneous infection at z4 weeks of age despite
prophylactic antibiotics.
In strikingcontrast, during this 3year study,no abscesses
were detected in hundreds of gp91phox2/2, NOS22/2, or
wild-type mice (C57BL/6 or C57BL/6 3 129Sv) housed
in the same facility and not receiving antibiotics.
In the experiments reported below, every mouse was
necropsied after experimental infection or peritoneal la-
vage. No mice used for challenge studies had large
abscesses, presumably because they were ,10 weeks
old, and thus none were excluded. Several gp91phox2/2/
NOS22/2 mice used for harvest of macrophages had
abscesses; their macrophages were discarded. Thus, it
is unlikely that advanced, spontaneous infection influ-
enced the data below, but some of the mice may have
been subclinically infected.
In Vivo Challenge with S. typhimurium
S. typhimurium is a facultative intracellular mouse patho-
gen that replicates within macrophage phagosomes,
where its fate depends on the state of macrophage acti-
vation. This phenomenon contributed to the definitionFigure 2. Spontaneous Infections in Gp91phox2/2/NOS22/2Mice
of immunologically mediated macrophage activation(A) Abscess formation in the abdominal organs of a gp91phox2/2/
(Mackaness, 1962; Blanden et al., 1966). Mutants of S.NOS22/2mouse. Arrows indicate abscesses. Histology of hepatic
abscesses at (B) 43, (C) 1003, and (D) 4003. typhimurium unable to survive within macrophages are
Bactericidal Activity of Gp91phox2/2/NOS22/2 Mice
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Figure 3. Survival of Mice Infected with S.
typhimurium
(A) Percent survival of C57BL/6 3 129Sv (n 5 9),
C57BL/6 (n 5 10), NOS22/2 (n 5 7), gp91phox-
deficient (n 5 10), or gp91phox2/2/NOS22/2 (n 5
8) mice injected intraperitoneally with 200±
400 CFU of S. typhimurium 14028. Differences
between C57BL/6 3 129Sv and C57BL/6 (p 5
0.001), C57BL/6 3 129Sv and NOS22/2 (p 5
0.0008), C57BL/6 3 129Sv and gp91phox2/2/
NOS22/2 (p , 0.0001), C57BL/6 and gp91phox-
deficient (p 5 0.0036), and C57BL/6 and
gp91phox2/2/NOS22/2 (p 5 0.0003) were statis-
tically significant (log-rank test).
(B) Percent survival of C57BL/6 3 129Sv (n 5
5), C57BL/6 (n 5 11), NOS22/2 (n 5 6), gp91phox-deficient (n 5 10), or gp91phox2/2/NOS22/2(n 5 10) mice injected intraperitoneally with 200±400
CFU of S. typhimurium recBC. Differences between gp91 phox-deficient or gp91phox2/2/NOS22/2mice and their wild-type controls were statistically
significant (p , 0.0001) and the difference between gp91phox-deficient and gp91phox2/2/NOS22/2mice (p 5 0.001) was statistically significant.
Results are pooled from two experiments.
avirulent (Fields et al., 1986). Both NOS2 (Fang, 1997) macrophage activation (Mackaness, 1962). Listeria has
become the most widely used pathogen in gene-tar-and phox (De Groote et al., 1997) are important for the
control of S. typhimurium. Accordingly, we began our geted mice, in part because successful resolution of
infection requires interplay between innate and acquiredchallenge studies of gp91phox2/2/NOS22/2 mice with S.
typhimurium. A point mutation within Nramp1 encoding immunity (Kaufmann, 1993; Unanue, 1997) involving res-
ident and activated macrophages (Mackaness, 1962;Asp169 renders the C57BL/6 strain susceptible to S. typh-
imurium, while wild-type Gly169 confers resistance on the Portnoy et al., 1989), neutrophils (Conlan and North,
1991), NK cells (Dunn and North, 1991), and T cells (Harty129Sv strain and the heterozygotes (Malo et al., 1994;
Vidal et al., 1995). Thus, we haplotyped the Nramp1 et al., 1992; Kaufmann and Ladel, 1994; Harty and Bevan,
1995).locus and chose only those mice homozygous for the
Asp169 (susceptible) allele for in vivo studies. We infected mice with 5 3 104 viable CFU of virulent
L. monocytogenes (ATCC 10403) and evaluated theS. typhimurium 14028 is a virulent, smooth strain with
an LD50 in susceptible mice of ,10 organisms (Buch- splenic bacterial load 3 days later. Relative to wild-type
C57BL/6 3 129Sv mice, NOS22/2 mice had z102 timesmeier et al., 1993). Both the gp91phox-deficient and
gp91phox2/2/NOS22/2 mice succumbed early to infection more CFU (Figure 4A), confirming results with another
virulent strain, EGD serotype 3B (MacMicking, et al.,with 14028 (Figure 3A). NOS22/2 mice died less quickly,
although they succumbed earlier and to a greater extent 1995). In contrast, the majority of gp91phox2/2 mice had
spleen CFU values that equaled the values of their wild-than their wild-type controls (C57BL/6 3 129Sv). The
difference in survival between the wild-type C57BL/6 type controls (C57BL/6). Gp91phox2/2/NOS22/2 mice showed
a possibly bimodal response: about half the mice wereand wild-type C57BL/6 3 129Sv mice suggests that
genetic loci in addition to Nramp1 may contribute to the moribund and had 103- to 104-fold more CFU in their
spleens than wild-type C57BL/6 3 129Sv mice, whileresistance of 129Sv mice to salmonellosis. The en-
hanced susceptibility of NOS22/2, gp91phox2/2, and the remainder looked well and restricted the number of
bacteria as well as wild-type mice. In comparison,gp91phox2/2/NOS22/2 mice to infection with S. typhimu-
rium 14028 suggests that both phox and NOS2 are nec- TNF2/2 mice, which were extremely susceptible to Liste-
ria in an earlier study (Pasparakis et al., 1996), wereessary for control of virulent S. typhimurium infection in
mice. moribund and had from 103- to 106-fold more Listeria in
their spleens than their wild-type controls (C57BL/6 3The S. typhimurium recBC mutant in the 14028 back-
ground is incapacitated in its ability to repair DNA dam- 129Sv).
In contrast to the results with virulent Listeria, withinage, attenuated in mice (LD50 . 104 organisms) and sen-
sitive to killing by respiratory burst-proficient J774 cells 2 days, gp91phox2/2/NOS22/2 mice completely eradicated
splenic infection by all doses of an attenuated strain of(Buchmeier et al., 1993). Gp91phox2/2/NOS22/2 mice in-
fected with the recBC mutant died as rapidly as those Listeria (ATCC 15313) tested up to 108 (Figure 4B).
Thus, despite the remarkable susceptibility ofinfected with the 14028 strain (Figure 3B). Gp91phox2/2
mice survived longer than gp91phox2/2/NOS22/2 mice gp91phox2/2/NOS22/2 mice to spontaneous infection with
E. coli and inoculation with S. typhimurium, gp91phox2/2/when infected with the recBC strain (p 5 0.001), while
NOS22/2 mice were fully resistant (Figure 3B). The re- NOS22/2 mice could dispose of attenuated Listeria, and
about half of them could restrict virulent Listeria in thestored virulence of the recBC strain in the gp91phox2/2/
NOS22/2 and gp91phox2/2 mice demonstrates that ROI spleen as well as wild-type mice during an early stage
of infection.and to a lesser extent RNI control S. typhimurium infec-
tion in part by damaging their DNA.
Infection of Macrophages with E. coli
The foregoing results suggested that gp91phox2/2/NOS22/2In Vivo Challenge with L. monocytogenes
Listeria monocytogenes was another of the organisms macrophages might have residual antibacterial activity.
To test this, periodate-elicited peritoneal macrophagesused by Mackaness to define immunologically mediated
Immunity
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Figure 5. Macrophage Bactericidal Activity against E. coli
Periodate-elicited macrophages were infected with (A) E. coli 9243
(mouse isolate) or (B) E. coli HB101. In each experiment, macro-
phages were pooled from 3±5 mice. Bacterial counts were deter-Figure 4. Bacterial Counts after Infection with L. monocytogenes
mined by fluorescent microplate assay. Log killing represents killing(A) Relative CFU for mice (each symbol represents one mouse)
at 4 hr normalized to the number of bacteria at time 0. Resultsinjected intraperitoneally with 5 3 104 viable L. monocytogenes
shown are the average of multiple independent experiments for(ATCC strain 10403). Results shown are the aggregate of individual
each mouse strain 6 SEM. The averaged number of experimentsmice tested in three separate experiments. Within each experiment,
are indicated within each bar. (Inset) Representative time coursesplenic Listeria counts (CFU) in C57BL/6 3 129Sv were averaged
comparing the killing of E. coli HB101 by C57BL/6 3 129Sv (squares)and given the value of 1. Listeria counts for mice in the remaining
or gp91phox2/2/NOS22/2 (circles) macrophages (log CFU/ml 6 SEM;groups were divided by the mean CFU of C57BL/6 3 129Sv mice
some error bars fall within the symbols). * p # 0.05 compared toto yield relative CFU. Overall significance level p , 0.0001 determined
C57BL/6; ²p # 0.05 compared to C57BL/6 3 129Sv (unpaired t test).by the Kruskal-Wallis test. ²p , 0.005 compared to C57BL/6 3 129Sv
(Mann-Whitney U test). (B) Bacterial load in gp91phox2/2/NOS22/2 in-
fected with L. monocytogenes (ATCC strain 15313). Mice were in-
fected as described above with increasing starting viable CFU. shown). Bacterial killing was assessed at 4 hr, based
on time course studies (Figure 6A, inset). Killing of strain
14028 by wild-type and NOS22/2 macrophages aver-
were infected with E. coli 9243 (isolated from an abscess
aged 1.0±1.5 log10. Killing by gp91phox2/2 and gp91phox2/2/
in a gp91phox2/2/NOS22/2 mouse) (Figure 5A) or E. coli
NOS22/2 macrophages was diminished to z0.5 log. Kill-HB101 (a laboratory strain) (Figure 5B) and the degree
ing by TNF2/2 macrophages was also attenuated (toof bacterial killing assessed 4 hr after infection, based on
z0.4 log). Nevertheless, killing by macrophages of alltime course studies (Figures 5A and 5B, insets). Killing
mutant genotypes was demonstrable.of both E. coli strains by wild-type C57BL/6 3 129Sv
With the recBC strain, killing by wild-type macro-macrophages was profound (2.0 log). Killing by NOS22/2
phages was profound (z2 log) (Figure 6B). NOS22/2and TNF2/2 macrophages was diminished, although still
macrophages maintained substantial killing and TNF2/2.1.0 log. Gp91phox2/2 macrophages were further im-
macrophages improved their killing to 1.2 log. Bothpaired (0.5 log killing compared to 1.2 log by wild-type
gp91phox2/2 and gp91phox2/2/NOS22/2 macrophages wereC57BL/6). Gp91phox2/2/NOS22/2 macrophages also man-
significantly impaired in their killing of S. typhimuriumaged to reduce the number of viable E. coli by z0.5 log
recBC. Pretreatment of gp91phox2/2/NOS22/2 macro-(60%±70%).
phages with IFNg, TNF, IFNa/b, LPS, or GM-CSF alone
or in combination did not increase their bactericidal ac-Infection of Macrophages with S. typhimurium
tivity (data not shown).Periodate-elicited peritoneal macrophages were infected
The comparably poor ability of gp91phox2/2 andwith either virulent S. typhimurium 14028 or the attenu-
gp91phox2/2/NOS22/2 macrophages to kill both virulentated S. typhimurium recBC strain. By electron micros-
and attenuated S. typhimurium points to the vital rolecopy, all visualized bacteria were intracellular by the end
of the uptake period (15 min) designated time 0 (data not of the respiratory burst in macrophage-mediated killing
Bactericidal Activity of Gp91phox2/2/NOS22/2 Mice
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Figure 6. Macrophage Bactericidal Activity against S. typhimurium
Figure 7. Macrophage Bactericidal Activity against L. monocyto-Periodate-elicited macrophages were infected with (A) S. typhimu-
genesrium 14028 or (B) S. typhimurium recBC. In each experiment, macro-
Periodate-elicited macrophages were infected with L. monocyto-phages were pooled from 3±5 mice. Bacterial counts were deter-
genes 10403 (A) or L. monocytogenes 15313 (B). In each experiment,mined by fluorescent microplate assay. Log killing represents killing
macrophages were pooled from 3±5 mice. Bacterial counts wereat 4 hr normalized to the number of bacteria at time 0. Results
determined by a fluorescent microplate assay. Log killing representsshown are the average of multiple independent experiments for
killing at 2 hr in the absence of gentamicin normalized to the numbereach mouse strain 6 SEM. The averaged number of experiments
of bacteria at time 0. Results shown are the average of multipleare indicated within each bar. (inset) Representative time course
independent experiments for each mouse strain 6 SEM. The aver-comparing the killing of S. typhimurium 14028 by C57BL/6 3 129Sv
aged number of experiments are indicated within each bar. (Inset)(squares) or gp91phox2/2/NOS22/2 (circles) macrophages (log CFU/
Average time course (n $ 6 experiments at each time point) compar-ml 6 SEM; some error bars fall within the symbols). * p # 0.05
ing the survival of L. monocytogenes 15313 within C57BL/6 3 129Svcompared to C57BL/6; ²p # 0.05 compared to C57BL/6 3 129Sv
(squares) or gp91phox2/2/NOS22/2 (circles) macrophages (percent sur-(unpaired t test).
vival normalized to initial inoculum 6 SEM; error bars fall within the
symbols). * p # 0.05 compared to C57BL/6; ²p # 0.05 compared
to C57BL/6 3 129Sv (unpaired t test).
of this organism under in vitro conditions that predomi-
nantly assess early-acting mechanisms in the host- Likewise, killing by TNF2/2 macrophages was nearly 2
pathogen interaction. log greater than their killing of the virulent strain, and
the killing by gp91phox2/2 and gp91phox2/2/NOS22/2 mac-
rophages increased to 0.7 log. Nevertheless, even withInfection of Macrophages with L. monocytogenes
Virulent L. monocytogenes 10403 caused cytolysis of attenuated Listeria, killing by gp91phox2/2 and gp91phox2/2/
NOS22/2 macrophages was diminished compared to wild-gp91phox2/2, gp91phox2/2/NOS22/2, and TNF2/2 macro-
phages by 2 hr. Intracellular bacteria were released and type. Killing of L. monocytogenes 15313 by gp91phox2/2/
NOS22/2 macrophages was approximately 0.7, 0.8, andkilled by gentamicin, giving an artifactual appearance
of antilisterial activity (data not shown). Therefore, we 1.0 log at 2, 4, and 8 hr, respectively (inset, 7B).
As for periodate-elicited macrophages, listericidal ac-infected periodate-activated macrophages in vitro with
virulent L. monocytogenes 10403 (Figure 7A) or with tivity of resident, thioglycollate-elicited and peptone-
elicited gp91phox2/2/NOS22/2 macrophages was approxi-attenuated L. monocytogenes 15313 (Figure 7B) and
assessed killing after 2 hr in the absence of gentamicin. mately 1 log at 8 hr after infection with Listeria 15313,
and this was not increased by mIFNg, mIFNa/b, mGM-Wild-type and NOS22/2 macrophages killed z1.0 log
(Figure 7A). TNF2/2 macrophages were listeristatic. CSF, hTNF, or LPS (data not shown).
Nramp1 impacts macrophage bactericidal activity byGp91phox2/2 and gp91phox2/2/NOS22/2 macrophages per-
mitted nearly exponential bacterial growth. what may be an indirect mechanism related to metal
transport (Gunshin et al., 1997). Although no associationWhen macrophages were infected with the attenu-
ated strain of Listeria, killing by wild-type and NOS22/2 between Nramp1 alleles and L. monocytogenes suscep-
tibility has been reported in otherwise wild-type mice,macrophages at 2 hr amounted to z2 log (Figure 7B).
Immunity
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we reasoned that Nramp1 might mediate listericidal ac- Some explanation for the surprising finding that NOS2
participates in control of E. coli and other commensalstivity that is normally redundant with that effected by
may be provided by the demonstration that both ratROI and RNI. To test this, we segregated macrophages
(McCall et al., 1991) and human (Evans et al., 1996;from gp91phox2/2/NOS22/2 mice into groups homozygous
Wheeler et al., 1997) neutrophils can express NOS2.for either the Nramp1-resistant or Nramp1-susceptible
Bacteria in neutrophils stained with antibodies againstallele. However, no differences were observed between
nitrotyrosine (Evans et al., 1996), a footprint of peroxyni-Nramp1-resistant or -susceptible gp91phox2/2/NOS22/2
trite formation (Beckman and Koppenol, 1996) or themacrophages in the killing of Listeria (data not shown).
action of myeloperoxidase and H2O2 on nitrite (van der
Vliet et al., 1997). Alternatively, the role of NOS2 in resis-Discussion
tance to infection by indigenous flora may be indirect.
RNI can act as signaling molecules (Lander, 1997), andMutual Compensation by Phox and NOS2
NOS2 was essential for early production of IL-12 andin the Control of Indigenous Flora
IFNg, maturation of NK cells, and suppression of TGF-bGenetic evidence for the critical roles of phox and NOS2
production in leishmania-infected mice (Diefenbach etin control of infection comes from study of patients with
al., 1998). A signaling role for NOS2 has also been dem-CGD and of mice with engineered deficiencies in either
onstrated in the expression of inflammatory cytokinesenzyme. However, studies conducted in over 100 labo-
via activation of NF-kB and STAT3 during hemorrhagicratories involving the husbandry of thousands of NOS22/2
shock/resuscitation (Hierholzer et al., 1998).mice have produced no reports of spontaneous infec-
tions (Nathan, 1997). Mice deficient in gp47phox devel-
Defective Bactericidal Responsesoped spontaneous external infections (Jackson et al.,
of Gp91phox2/2/NOS22/2 Mice1995). However, gp91phox2/2 mice did not (Pollock et
and Macrophagesal., 1995), and neither strain presented with abscesses
Compared to wild-type macrophages, gp91phox2/2/NOS22/2of internal organs. During this study, gp91phox2/2 and
macrophages were markedly deficient in killing all sixNOS22/2 mice were free from spontaneous infection
strains of bacteria tested in vitro. However, the degreewhen housed with gp91phox2/2/NOS22/2 mice. In contrast,
of deficiency relative to individually phox- or NOS2-defi-with or without prophylactic antibiotics, gp91phox2/2/
cient macrophages varied with the organism, and resultsNOS22/2 mice spontaneously developed massive ab-
of in vitro assays differed in some respects from assays
scesses caused by normal flora, predominantly from the
in vivo. Such discrepancies are to be expected. In vitro,
gastrointestinal tract but also from the respiratory tract
we studied only macrophages. In vivo, many cells and
and skin. During antibiotic prophylaxis, the prevalence extracellular factors are likely to be involved, including
of gross abscesses ranged from 15% to 25%; more cells other than macrophages that can express iNOS
mice may have harbored microscopic abscesses. With- and phox. In vitro assays involve large experimental
out antibiotics, the incidence of infection rose much inocula and a static pool of macrophages deprived of
higher. When the double deficiency was expressed on contacts with other cells and cytokines. Most important,
a pure C57BL/6 background, almost all the mice died the short duration of assays in vitro favors a role for
from infection despite antibiotics. phox at the expense of NOS2, since production of ROI by
It thus appears that for resistance to spontaneous phox is consummated much more rapidly upon contact
infection by indigenous flora, phox and NOS2 can sub- with bacteria (1±3 hr) than the production of RNI by
stantially compensate for each other's deficiency, and NOS2 (1±3 days).
no other pathway is fully able to compensate for their Gp91phox2/2/NOS22/2mice were highly susceptible in
combined absence, which would appear to be incom- vivo and in vitro to infection with virulent and attenuated
patible with survival of the species in the wild. Although S. typhimurium. Gp91phox2/2 mice and macrophages were
knockout mice have been produced with defects in already shown to be susceptible to infection with S.
nearly twenty different genes important in innate immu- typhimurium 14028, as well as a CuZn-SOD-deficient
nity, none with normal numbers of phagocytes had a strain (De Groote et al., 1997). Restored virulence of
phenotype comparable to that of gp91phox2/2/NOS22/2 the recBC mutant S. typhimurium in gp91phox2/2 mice
mice. underscores the critical importance of the respiratory
The antiinfectious role of NOS2 has been studied burst in defense against S. typhimurium, and implies
chiefly from the point of view of host resistance to vi- that recBC mutant S. typhimurium are unable to repair
ruses (Karupiah et al., 1993, 1998; Zaragosa et al., 1998), oxidative damage (Buchmeier et al., 1993). However,
protozoa (Wei et al., 1995; Khan et al., 1997; Scharton- recBC-deficient S. typhimurium are also susceptible in
Kersten et al., 1997; Diefenbach et al., 1998), and faculta- vitro to S-nitrosoglutathione and SIN-1 (a peroxynitrite
tive intracellular bacterial pathogens infecting macro- generator) (De Groote et al., 1995), an effect potentially
phages, such as Mycobacteria (MacMicking et al., 1997) caused by NO-mediated DNA damage (Wink et al.,
and Listeria (MacMicking et al., 1995). In these settings, 1991). Prolonged survival of gp91phox2/2 mice compared
phox did not appear to compensate for lack of NOS2. to gp91phox2/2/NOS22/2 mice infected with recBC-defi-
Except for a report that NOS2-deficient mice were more cient S. typhimurium suggests that RNI are also neces-
susceptible to infection with Staphylococcus aureus sary for complete host defense against S. typhimurium.
than wild-type mice (McInnes et al., 1998), there are no Increased susceptibility of NOS22/2 mice to virulent S.
studies with NOS22/2 mice that suggest that NOS2 plays typhimurium confirms the importance of RNI to the kill-
a role in control of any bacteria other than facultative ing of S. typhimurium as demonstrated by other means
(De Groote et al., 1996).intracellular pathogens of macrophages.
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In vitro, both gp91phox2/2 and gp91phox2/2/NOS22/2 demonstrated by genetic means nor in primary cells.
macrophages were impaired in their ability to kill virulent Since there are other sources of ROI besides phox and
and attenuated S. typhimurium. In contrast, the ability other sources of RNI besides NOS2, this is not synony-
of NOS22/2 macrophages to kill as well as wild-type mous with establishing the existence of an ROI- and
macrophages in vitro diverged from the fate of infected RNI-independent bactericidal mechanism, but the latter
mice. In earlier work, ROI-dependent killing of Salmo- seems likely to be the case.
nella was evident at 2±4 hr (Buchmeier et al., 1993), Although the phox-, NOS2-independent macrophage
while NO-dependent killing was greater at 24 hr (De antimicrobial activity was modest against the organisms
Groote et al., 1997). Most likely, these disparities reflect studied, it may be more effective and perhaps essential
that in our cultures, macrophages infected by S. typhi- for host resistance to other organisms against which
murium underwent apoptosis (Lindgren et al., 1996; Mo- neither ROI nor RNI provide effective resistance. Indeed,
nack et al., 1996) before they expressed NOS2 (data not the variety of potential pathogens and their propensity
shown). to suppress or evade host defenses makes a diversity
The killing of virulent Listeria in vitro by gp91phox2/2 and of antimicrobial mechanisms seem mandatory.
gp91phox2/2/NOS22/2 macrophages was markedly im-
paired compared to wild-type. In contrast, NOS22/2 Experimental Procedures
macrophages killed Listeria 10403 as well as wild-type
in vitro. Conversely, gp91phox deficiency had no evident Bacterial Strains and Growth Media
E. coli HB101, E. coli isolated from a mouse abscess (designatedeffect in vivo but was detrimental in vitro. In the short
9243), S. typhimurium ATCC 14028, and S. typhimurium recBCtime that the macrophages interacted with Listeria in
(CL2001) (Buchmeier et al., 1993) were grown in Luria-Bertani (LB)vitro, the respiratory burst may have been sufficient to
broth or on LB plates. L. monocytogenes 15313 from ATCC andkill a majority of intracellular bacteria and NOS2 may
10403 from D. Portnoy were grown in tryptose phosphate broth
not have been induced. Alternatively, the greater sus- (TPB) or plates.
ceptibility of NOS22/2 mice compared to gp91phox2/2 mice
in vivo may indicate that the role of RNI in vivo is broader Reagents
than direct toxicity to bacteria. RNI can affect leukocyte Tryptone, yeast extract, tryptose phosphate, proteose peptone, and
adhesion, migration, and accumulation (Mulligan et al., thioglycollate were from Difco. Periodate and deoxycholate were
from Sigma, sodium chloride and sodium phosphate dibasic from1991; Belenky et al., 1993), as well as cytokine produc-
J. T. Baker, potassium phosphate from Fischer, and dextrose fromtion. The susceptibility of NOS22/2 mice to Listeria was
EM Science. RPMI from JRH Bioscience was supplemented withconsistent with previous observations using a different
2 mM L-glutamine and heat-inactivated fetal bovine serum fromstrain of Listeria (MacMicking et al., 1995). The minimal
Hyclone. AlamarBlue was obtained from Sensititre/Alamar (Ac-
phenotype shown by gp91phox2/2 mice infected with Liste- cuMed International Companies, Westlake, OH). Mouse IFNg was
ria also mirrored previous studies in that there was no generously provided by Genentech, mIFNa/b was from Access Bio-
difference in CFU between wild-type and gp91phox2/2 medical, mGM-CSF was from Genzyme, and LPS (E. coli O111:B4)
was from Sigma.mice on day 6 (Dinauer et al., 1997), and gp47phox2/2 mice
were only more susceptible than wild-type at a very high
Mouse Breeding and Genotypinginoculum (Endres et al., 1997).
We derived mice lacking NOS2 (NOS22/2) and their wild-type con-The normal resistance of about half the gp91phox2/2/
trols (C57BL/6 3 129Sv) by interbreeding C57BL/6 3 129Sv found-NOS22/2 mice to infection with Listeria 10403 was unex-
ers heterozygous for NOS2 deficiency and maintained independentpected. Macrophages may have been preactivated in
colonies of NOS22/2 and C57BL/6 3 129Sv mice by intersib matings
mice with subclinical infections and thus better able as described (MacMicking et al., 1995). Interbreeding of mice lacking
to withstand the challenge inoculum. As precedent, T one functional gp91phox allele (Pollock et al., 1995) backcrossed six
cell±deficient mice paradoxically displayed greater re- generations onto the C57BL/6 background allowed us to select and
maintain a line with complete gp91phox deficiency. Wild-type C57BL/6sistance to infection with Listeria than wild-type mice,
controls were purchased from Charles River Laboratories. Inter-apparently because their immune deficiency predis-
breeding of NOS22/2 and gp91phox2/2 mice generated gp91phox2/2/posed to subclinical infections resulting in chronic mac-
NOS22/2mice. Intersib matings of homozygous double knockoutsrophage activation (Cheers and Waller, 1975; Nickol and
provided the gp91phox2/2/NOS22/2mice used in this study. TNF-defi-
Bonventre, 1977). Consistent with this interpretation, en- cient mice (C57BL/6 3 129Sv) were derived by intersib mating of
hanced resistance to Listeria was not evident when the mice heterozygous for the TNF mutation and housed as described
T cell±deficient mice were flora defined or germ free (Marino et al., 1997).
Genomic DNA was screened for the NOS2 allele by Southern(Czuprynski and Brown, 1985). Complement C5 and un-
analysis (MacMicking et al., 1995) or by PCR as described (MacMick-identified genetic factors can also affect susceptibility
ing et al., 1997) or using a cocktail containing a common 59 primerto Listeria (Cheers and McKenzie, 1978; Gervais et al.,
flanking the NOS2 gene (59-ATCAGCCTTTCTCTGTCTCC-39) and1984).
two 39 primers, one within the NOS2 gene (59-GGCTTTCTGTCTGTT
CTCTC-39) yielding a 413 bp amplificand and one specific to the
Existence of a Macrophage Bactericidal Mechanism PGK-neo marker in the knockout allele (59-GCCTGAAGAGACGAGA
Independent of both Phox and NOS2 TCAGCAGCCTCTG-39) yielding a 268 bp amplificand. To screen for
the gp91phox allele, a cocktail PCR was used, containing a common 59Though their bactericidal activity was markedly im-
primer (59-AAGAGAAACTCCTCTGCTGTGAA-39) and two 39 primers,paired, gp91phox2/2/NOS22/2 macrophages were able to
one within the gp91phox gene (59-CGCACTGGAAACCCTGAGAAkill a proportion of organisms of 5/6 strains tested. These
AGG-39) yielding a 240 bp amplificand and one specific to the PGK-
findings establish the existence of a phox-independent, neo marker in the knockout allele (59-TGCCAAGTTCTAATTC
NOS2-independent mechanism in primary mouse mac- CATCAGAAGC-39) yielding a 195 bp amplificand. Both PCR amplifi-
rophages. Such a mechanism was suggested in a trans- cations were performed for 30 cycles of 30 sec at 948C, 45 sec at
658C, and 1.5 min at 728C, the products resolved by electrophoresisformed cell line (Inoue et al., 1995) but had not been
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on a 1.5% agarose gel and visualized by ethidium bromide staining. were replenished with 100 ml complete medium plus 10 mg/ml genta-
micin to kill extracellular bacteria and incubation resumed. Alterna-Nramp1 PCR haplotyping was as described (MacMicking et al.,
1997). tively, where indicated, plates were replenished with 100 ml antibi-
otic-free complete medium. At each time point, another culture plateMouse studies were performed according to the institutional
guidelines following protocols approved by the Animal Care and was lysed and aliquoted to a readout plate as above. Fractional
survival was determined by dividing the CFU at each time point andUse Committee. All mice were housed in specific pathogen-free
(SPF) conditions in microisolator bonnet cages with autoclaved bed- condition by the starting CFU for that condition. For each experi-
ment, the negative log10 of fractional survival was calculated to deter-ding, cages, food, and water bottles. Positive ventilation pressure
was maintained in the room and mice were handled in a laminar mine log killing. Log killing at specific time points was averaged for
all experiments.flow hood using sterile techniques. Food was autoclaved and drink-
ing water acidified (pH 2.8). Gp91phox2/2/NOS22/2 mice were main-
tained on water containing itraconazole (15 mg/ml) and Bactrim (0.2 Statistical Analyses
mg/ml trimethoprim and 40 mg/ml sulfamethoxazole). Antibiotic- Using StatView 4.5 software (Abacus Concepts, Inc., Berkeley, CA),
free water was provided for at least 4 days before experiments to the log-rank (Mantel-Cox) test was applied to Kaplan-Meier survival
allow elimination of the antibiotic (T1/2 ≈ 12 hr) even though giving data to evaluate differences between groups. The nonparametric
mice access to antibiotic-containing water had no demonstrable Kruskal-Wallis test was applied to Listeria organ CFU experiments,
effect on the bactericidal activity of their macrophages in vitro (data and significance between groups was determined by the Mann-
not shown). Whitney U test. Macrophage bactericidal assays were analyzed by
one-way analysis of variance and unpaired t-test.
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